Application of the "Full Cavitation Model" to the fundamental study of cavitation in liquid metal processing. Lebon, G, Pericleous, K, Tzanakis, I and Eskin, D (2015) Application of the "Full Cavitation Model" to the fundamental study of cavitation in liquid metal processing. IOP Conference Series-Materials Science and Engineering, 72 (2015). pp. 1-7.
Introduction
Significant improvement of quality and properties in metallic materials is observed when melt is treated with ultrasound [1] [2] . These improvements are primarily due to ultrasonic cavitation, with the creation, growth, pulsation, and collapse of bubbles in the liquid. However, this technology has not been successfully transferred to the industry due to the difficulty in treating large volumes of liquid metal, as is required by processes such as continuous casting. A fundamental study of the ultrasonic treatment of melt is thus required to circumvent these difficulties.
The full cavitation model was developed by Athavale et al [3] [4] to provide the capability for multidimensional simulation of cavitating flows, the modelling of which is crucial to the design of many engineering devices [5] . In their approach, the authors derived source terms for the bubble mass fraction transport equation from the Rayleigh-Plesset equation [6] , which governs the evolution of a spherical bubble [7] , to predict the formation and collapse of bubbles in cavitating flows. This model has been used in the modelling of the solidification structure evolution by Nastac [8] .
In this study, the full cavitation model is modified to compute the bubble concentration in a launder. The novelty here is to understand the effect of ultrasonic treatment on flowing melt, paving the way to the ultrasonic treatment of liquid metal in batch. 
Numerical method
The approach consists of solving the wave equation and using the acoustic pressure solution in the source term of a non-condensable gas mass fraction, , equation. The Reynolds-Averaged NavierStokes (RANS) equations are solved along with the mass fraction transport equation. The density of the fluid is calculated as a function of the non-condensable gas mass fraction.
Governing equations

Fluid equations.
Fluid flow is governed by the RANS equations:
where is the fluid density, is the fluid velocity, is the dynamic viscosity, is the eddy viscosity, and are the momentum sources. The fluid density is related to the vapour and non-condensable gas mass fractions, and , according to:
where is the density of the vapour in the bubbles, is the density of the non-condensable gashydrogen for aluminium melt-, and is the liquid density [4] . The standard − model [9] is used for closure in the RANS formulation. where is acoustic pressure, is the speed of sound, and are the wave source terms.
Wave equation. The wave equation is:
Full cavitation model.
The liquid-bubble mass transfer is governed by the cavity transport equation [4] :
where Γ = + is the effective exchange coefficient, and and are the mass transfer source terms related to the growth and collapse of the cavitation bubbles respectively. and are derived from the Rayleigh-Plesset equation [6] and are given by [4] : when < :
when > :
where = 0.02 and = 0.01. is the sum of the vapor pressure and an estimation of the local values of turbulent pressure fluctuations [4] : 
Modification of the full cavitation model for melt modelling.
In liquid aluminium, cavitation due to vapour pressure is hard to attain and cavitation is mainly due to non-condensable gases, mainly hydrogen. The full cavitation model is therefore modified to account for this difference. The vapour mass fraction is ignored and the density and mass fraction transport equations are rewritten as:
where the sources are now given by: when < ( + 0.39 /2):
when > ( + 0.39 /2):
The coefficients of Athavale et al [3] are used in the source terms, although their application to this modified model has to be validated from experiment. ℎ is estimated as 1 % of the mean flow speed.
Modelling flow and bubble generation in the macro-time scale.
In order to run simulations in a time scale more appropriate for the flow, the minimum and maximum acoustic pressures and are first computed from a microsecond time scale simulation, with the time-step chosen so as to ensure that a minimum of 20 points are available per ultrasonic cycle. These stored pressures are then respectively applied to the generation and collapse source terms given by equations (11) and (12). (4) is discretized using a second-order scheme. Acoustic pressures are stored at cell centres at each time step. Velocity components are stored on faces half time step apart from the pressures. 
Discretization
Leap-frog scheme for the wave equation. Wave equation
Finite volume method.
The finite volume method is used to discretize the RANS and transport equations.
Problem description
In order to model continuous treatment of melt, the launder, shown in Figure 1 , is used for the computational domain. The sonotrode is at the center of the domain and the tip is immersed 1 cm below the liquid surface. The inlet and outlet are at the lowest and highest y values respectively. Clean liquid, that is without bubble, enters the domain at a velocity of 0.01 m s -1 in the y direction. The launder problem is solved for both water and aluminium. The launder boundaries are full reflective to ultrasound. The distance between the baffles is varied as a function of the sound wavelength. In water, the wavelength of ultrasound at 20 kHz is 7.4 cm, and in aluminium, the wavelength is 23 cm. The case is run for each liquid for the following distances between baffles: 0.5 , 1 , and 1.5 . The material properties for the melt -aluminium -, and water are shown in Table 1 . 
Results
Acoustic run
The wave equation (4) is solved with a time step of 1 µs, and the minimum and acoustic pressure in the domain is obtained, as shown in Figure 2 and Figure 3 for the baffles separated at 37 cm, half the wavelength of sound in water at 20 º C. As expected, the extreme values of pressure are at their highest just below the sonotrode, in the middle of the domain. The cavitation threshold of -1.0 x 10 5 Pa is achieved in the whole domain for this configuration. The low values of maximum acoustic pressure at the left of the first (upstream) separation hinders the collapse of bubbles, and can yield large values of bubble concentration upstream, as shown in the next section.
Cavitation run
The full cavitation model is run for 20 s of simulation time with a time step of 1 ms for both water and aluminium. Figure 4 and Figure 5 show the bubble mass fraction below the sonotrode at the end of the run time for both the water and aluminium simulations. Figure 6 and Figure 7 describe the variation of the bubble concentration along the axis of the launder. For water, the baffle configuration that maximises the bubble concentration in the domain is when the baffles are separated by a distance of 0.5 . The flow pattern generated with this optimum separation distance effectively convects the bubbles downstream, resulting in a large the bubble concentration downstream. For aluminium, a separation of 1.0 between the baffles is the optimum configuration. More bubbles are also convected downstream with this configuration.
The small opening of the upstream baffles forces a strong current at the bottom of the launder, resulting in a recirculation of the fluid beneath the sonotrode region, as shown in Figure 8 for aluminium and a baffle separation of 1.0 . The shortest path for exiting the domain is along the strong bottom current. Table 2 lists the shortest residence time for each configuration. 
Conclusion
In search of a complete model, multi-scale model for the ultrasonic treatment of liquid metals, this study computes the bubble concentration for the flow in a launder with baffles to create recirculations around the sonotrode. Cavitation threshold pressures are achieved in the large part of the domain, and bubble concentration as a function of baffle separation can be predicted in a timescale of seconds. The optimum configuration for the ultrasonic treatment of aluminium melt is found to be with a baffle separation of 1.0 . 
